The presence of endotoxin from Gramnegative bacteria signals the innate immune system to upregulate bacterial clearance and͞or killing mechanisms. Paradoxically, such responses also contribute to septic shock, a clinical problem occurring with high frequency in Gramnegative septicemia. CD14 is a receptor for endotoxin (lipopolysaccharide, LPS) and is thought to have an essential role in innate immune responses to infection and thereby in the development of septic shock. Using a novel rabbit model of endotoxic shock produced by multiple exposures to endotoxin, we show that anti-rabbit CD14 mAb, which blocks LPS-CD14 binding, protects against organ injury and death even when the antibody is administered after initial exposures to LPS. In contrast, anti-rabbit tumor necrosis factor mAb treatment fails to protect when administered after LPS injections. These results support the concept that anti-CD14 treatment provides a new therapeutic window for the prevention of pathophysiologic changes that result from cumulative exposures to LPS during septic shock in man.
Gram-negative (GN) bacterial infections are associated with the development of septic shock, a serious clinical problem estimated to result in Ͼ100,000 deaths annually in the United States (1) (2) (3) . Endotoxin (lipopolysaccharide, LPS), a glycolipid component of the outer membrane of all GN organisms, is generally acknowledged to play a central role in the development of septic shock (4) (5) (6) . This syndrome is characterized by hypotension, coagulopathy, organ failure, and death (1, 4, 7, 8) . The prevailing view is that the underlying mechanisms responsible for these complex pathophysiologic changes involve cellular injury caused by an array of proinflammatory mediators released from cells of the innate immune system (9) (10) (11) (12) . The innate immune system has evolved mechanisms to recognize trace amounts of LPS via a cell surface receptor that initiates cell activation after binding LPS. Numerous studies provide support for the concept that two proteins, LPS-binding protein (LBP) and CD14 are essential for LPS-induced cellular activation (13) . Mice with targeted deletions of the gene encoding either CD14 or LBP are resistant to the lethal effects of LPS supporting the contention that LBP and CD14 are essential elements of a nonredundant LPS recognition system (14) (15) (16) .
Effective approaches for the treatment of septic shock have lagged behind the substantive advances made in understanding host mechanisms involved in the response to infection (17) . It is likely that the complexity of host responses in sepsis makes the relationship between the timing of delivery and the efficacy of potential therapeutics for septic shock a critical issue. For example, such considerations may serve to limit the effectiveness of treatments involving neutralization of single mediators such as tumor necrosis factor (TNF) or interleukin-1 that might only appear at certain stages in the sequence of events leading to septic shock (17) . Here, we have investigated the effects of mAbs to either rabbit (rab) CD14 or rabbit TNF in a model of endotoxin shock in rabbits in which three sequential exposures to LPS administered during a 24-hr period results in progressive injury marked by death between 24 and 48 hr. The characteristics of this model contrast significantly with acute lethal bolus injection models (18, 19) . It is likely that the model used here more closely reflects the development of septic shock in patients occurring over time as a consequence of repeated exposures to LPS.
Herein, we show that a mAb to rabbit CD14 that blocks LPS binding and subsequent cell activation offers remarkable protection even when administered after several exposures to LPS. In contrast, a mAb to rabbit TNF that neutralizes the biological activity of this mediator fails to demonstrate the same degree of protection. These data suggest that therapy by using anti-CD14 monoclonal treatment in patients with GN septicemia and shock may be useful even after the patient has been exposed LPS and in settings where other therapies have failed to be efficacious.
MATERIALS AND METHODS
Experimental Model. A three-injection endotoxemic model was used as described by Mathison et al. (20) . In brief, all of the rabbits (n ϭ 108), except for the control group (n ϭ 15), received i.v. injections of Re595 LPS (5 g͞kg) via the marginal ear vein at times 0, 5, and 24 hr. The rough form of LPS designated Re595 was purified from Salmonella minnesota bacteria (20) . Stock samples of Re595 at 5 mg͞ml were kept frozen at Ϫ20°C. Just before an i.v. injection, an aliquot was thawed, sonicated, and diluted with 0.9% NaCl to a concentration of 10 g͞ml. New Zealand White rabbits were obtained from Western Oregon Rabbit Company, Philomath, OR, and allowed 10 days for equilibration before use. Three days before the start of experiments, a 3.5 French polyurethane cannula (MRE-040, Braintree Scientific) with an accessible subcutaneous port (Jelco Intermittent injection cap, Critikon, Tampa, FL) was placed into the aortic arch via the left carotid artery by using aseptic technique and halothane anesthesia. Animals had free access to food and water and were unrestrained throughout the length of each study. Blood samples (1.3 ml total) were obtained, and mean arterial pressures (MAPs) were measured by using a model P10EZ transducer (ViggoSpectramed, Oxnard, CA) at various time points throughout each 48-hr experiment. Blood was collected in pyrogen-free glass tubes and also in 1-ml syringes that had been rinsed with heparin (250 units͞ml in saline). Serum was harvested within 6 hr of blood collection and stored at Ϫ20°C until cytokine assays were performed. After the MAP was measured and the blood sample collected, 1.3 ml of heparinized (10 units͞ml) saline was flushed through the injection port and cannula. Surviving animals at 48 hr were killed, and organ tissue from all animals was harvested for histological examination.
Animals treated with 5 mg͞kg of anti-rabCD14 included (i) prophylactic treatment (i.v. doses at times Ϫ1, ϩ4, and ϩ23 hr; n ϭ 13) and (ii) delayed treatment groups (i.v. doses at times ϩ4 and ϩ23 hr; n ϭ 10), ϩ8 and ϩ23 hr (n ϭ 6), ϩ12 and ϩ23 hr (n ϭ 5), or ϩ23 hr (n ϭ 5). For the anti-rabTNF studies, groups receiving 5 mg͞kg of anti-rabTNF included (i) prophylactic treatment (i.v. doses at times Ϫ1, ϩ4, and ϩ23 hr; n ϭ 11) and (ii) delayed treatment (i.v. doses at times ϩ4 and ϩ23 hr; n ϭ 12). Control animals that did not receive any LPS included a sham surgery group (n ϭ 4), an anti-CD14 alone group (5 mg͞kg i.v. doses at times Ϫ1, ϩ4, and ϩ23 hr; n ϭ 6), and an anti-rabTNF alone group (5 mg͞kg i.v. doses at times Ϫ1, ϩ4, and ϩ23 hr; n ϭ 5). Untreated animals included those receiving LPS alone (n ϭ 22) or an isotype-matched mAb (i.v. doses of 5 mg͞kg at times Ϫ1, ϩ4, and ϩ23 hr; n ϭ 4) or at times ϩ4 and ϩ23 hr (n ϭ 5). Experiments were performed by using groups of 12 rabbits with treatment determined in advance and randomly assigned to the animals. Each group included animals receiving LPS alone, animals treated with antibody and LPS, and control animals receiving antibody alone. During the 1-yr course of these studies, there was no discernable change in the nature of injury induced by multiple LPS injections alone or the protection from LPS-induced injury afforded by anti-CD14 antibody treatment.
Cytokine Assays. IL-8 levels in the blood were determined by using a sandwich ELISA with goat anti-rabbit IL-8 IgG (21). TNF activity was measured by using a cytolytic assay with Actinomycin D-treated L929 cells (20) . Functional activity of the mAbs was tested in an ex vivo rabbit whole blood assay, and the in vitro production of TNF was measured by using WEHI 164 clone 13 cell cytotoxicity assay (22, 23) .
mAb Production. mAb to rabbit CD14 was generated by somatic cell fusion between the mouse myeloma cell line (P3-x63A, 8.653) and spleen cells from BALB͞c mice immunized with transfected Chinese hamster ovary cells expressing cell-surface rabbit CD14 (GenBank accession no. M90488) (24) . The anti-rabCD14-specific hybridomas were identified by ELISA against purified rabbit CD14 and subcloned by limiting dilution. A clone designated 1116 1a6 (IgG2a) was isolated that blocked TNF production in an ex vivo rabbit whole blood assay (22) . Anti-rabTNF was produced as described above by using mice immunized with recombinant rabbit TNF. Recombinant rabbit TNF-␣ was expressed and purified as described (25) . IgG fractions were purified from conditioned medium by using immobilized Protein G (GIBCO͞BRL) and stored at Ϫ20°C until the day of use. The anti-rabTNF was shown to block TNF bioactivity (22, 23) by using either natural or recombinant sources of TNF. All tissue culture and glassware used was pyrogen-free, and reagents͞antibodies were endotoxin-free as determined by a chromogenic LAL (BioWhittaker).
Flow Cytometry. Analysis of fluorescein isothiocyanate (FITC)-Re595 LPS binding to elicited rabbit peritoneal exudate macrophages and Chinese hamster ovary (CHO)-rabCD14 cells was performed as described (20) and analyzed by using the FACScan and CellQuest software (Beckton Dickinson).
Hematology. Heparinized whole blood was diluted 1:20 in 3% acetic acid and leukocyte counts were determined manually by using a hemocytometer. Blood smears were stained by using Hema 3 reagents (Curtin Matheson Scientific, Houston), and differential counts were performed.
Histology. Fresh tissue samples were harvested from the lung, liver, kidney, spleen, and adrenal gland of each animal. Tissue was fixed in 10% formalin and sectioned from paraffin blocks by using standard histological technique. Slides were stained with hematoxylin-eosin or periodic acid͞Schiff reagent.
Statistical Analysis. Data are expressed as mean Ϯ standard error (SE). Organ injury scores and mortality data were evaluated by using the two-tailed Fisher Exact test. The Student t test was used for evaluation of the MAP and white blood cell (WBC) count data. Cytokine assays, hematology studies, and evaluation of histopathology preparations were blind, and specimen identity was revealed only on completion of analysis.
RESULTS AND DISCUSSION
Anti-Rabbit CD14 mAb. We screened a panel of murine hybridomas secreting anti-rabCD14 mAbs first for binding to recombinant rabbit CD14. Positive clones were further screened in two functional assays that reflect LPS binding to CD14 and LPS-induced monocyte activation in an ex vivo whole blood assay. Using these assays, a single mAb was selected that inhibited FITC-LPS binding to rabbit CD14 expressed by stably transfected CHO-K1 cells or elicited rabbit peritoneal exudate macrophages. This same clone secreted a mAb that when added to rabbit whole blood blocked LPSinduced TNF release in this ex vivo whole blood assay (Figs. 1  A and B) . Thus, we identified a hybridoma that had properties, which would prevent LPS binding to CD14 as well as subsequent cellular activation events triggered by LPS, and we FIG. 1. Anti-rabCD14 blocks LPS-induced TNF release and LPS binding to CD14-bearing cells in vitro. (A) Heparinized rabbit blood was preincubated with anti-rabCD14 10 g͞ml (‚), 3 g͞ml (OE), 1 g͞ml (E), isotype-matched IgG 10 g͞ml (s), or no addition (F) followed by stimulation with LPS for 4 hr at 37°C. TNF released into the plasma was measured by using the WEHI clone 13 cytolytic assay. (B) Rabbit peritoneal exudate macrophages (PEM) or transfected CHO cells expressing rabbit CD14 as cell surface protein (CHOrabCD14) were left untreated (-0-), exposed to FITC-LPS, or pretreated with anti-rabCD14 followed by exposure to FITC-LPS and then examined on the fluorescence-activated cell sorter. In contrast to the blocking effect of anti-CD14, an isotype control mAb was without effect.
hypothesized would be an ideal candidate for testing in the rabbit model of shock described herein.
Effects of Anti-CD14 or Anti-TNF mAb on LPS-Induced Injury in Rabbits. To avoid acute systemic effects of high doses of LPS here we used an animal model in which three sequential doses of LPS were administered over a 24-hr period. This protocol resulted in severe organ injury and͞or death in the 24 hr after the last LPS injection; no deaths were recorded during the first 24 hr of the experiment although various measures of sublethal injury were recorded during the first 24 hr including decreased MAP, leukopenia, and systemic cytokine release. The rationale for this model derives from a variety of studies that suggest septic shock in man is the result of the cumulative effects of mediators released after multiple exposures to bacteria or bacterial products such as LPS (4) . We speculated that the model used in these studies provided a unique opportunity to investigate the utility of mAb blockade of CD14 or of a single mediator TNF when the treatment was administered prophylactically or after some exposure to LPS. Data of 48-hr survival and a summary of organ injury evaluated from histopathology are contained in Table 1 .
LPS injections (5 g͞kg) at 0, 5, and 24 hr induce lethality by 48 hr in approximately one-third of the untreated animals (10͞31). In this model, deaths do not occur acutely but were noted to occur between 24 and 48 hr; multiple organ injury and lethality requires all three LPS injections. The experimental group termed untreated includes animals receiving LPS alone (n ϭ 22), prophylactic isotype-matched mAb treatment (5 mg͞kg i.v. at t ϭ Ϫ1, ϩ4, and ϩ23 hr; n ϭ 4), and delayed isotype-matched mAb treatment (5 mg͞kg i.v. at t ϭ ϩ4 and ϩ23 hr; n ϭ 5). The isotype-matched treatment groups behaved identically to animals receiving LPS alone providing justification for inclusion in the untreated group. In contrast to the Ϸ30% mortality in the untreated group, no deaths were recorded in the various anti-rabCD14 treatment groups during the 48-hr experimental period (39͞39) and, remarkably, no dependency on the time of administration of anti-rabCD14 was noted. Specifically, we noted 100% survival in animals treated at Ϫ1 hr (prophylactic treatment; 13͞13), at ϩ4 hr (delayed treatment; 10͞10), at ϩ8 hr (delayed treatment; 6͞6), at ϩ12 hr (delayed treatment; 5͞5), and even after ϩ23 hr (delayed treatment; 5͞5).
Animals treated with anti-rabTNF demonstrated protection against 48-hr lethality when the antibody was given prophylactically. In contrast, no protection was noted in the group in which anti-rabTNF injection was delayed until ϩ4 hr (Table 1) . These data provide a clear difference between the effects of anti-rabCD14 and anti-TNF mAb treatment in this animal model. On one hand, anti-CD14 will blockade production of all cellular mediators induced by LPS when a CD14-dependent pathway is involved whereas anti-TNF treatment will only prevent events related to the deleterious effects of TNF on cells.
After the initial LPS injection, MAP decreased gradually following LPS treatment to Ͻ80% of control values ( Fig. 2A) . In contrast, control groups (no LPS injections) and the group receiving anti-rabCD14 prophylactically remained normotensive throughout the 48-hr experiment. Delayed administration of anti-rabCD14 did not significantly improve recovery from hypotension that was induced by the first dose of LPS.
In untreated animals, a severe leukopenia, primarily a neutropenia, occurs within 1 hr after the initial LPS injection (Fig. 2B) . Initial WBC counts (7,750 Ϯ 300 cells͞mm 3 ) declined to a nadir (1,000 Ϯ 90 cells͞mm 3 ) by 4 hr; then, a progressive leukocytosis (12,800 Ϯ 2,000 cells͞mm 3 ) was noted at 24 hr. The third injection of LPS at t ϭ 24 hr resulted in a similar pattern of leukopenia followed by a return of cells to the circulation in the next 24-hr period. Prophylactic treatment with anti-rabCD14 attenuated the neutropenia seen in the first 24-hr period in this model. In contrast to untreated animals, WBC counts in the anti-rabCD14 prophylactic treatment rabbits declined to a nadir (4,270 Ϯ 400 cells͞mm 3 ) by 3 hr but were significantly higher when compared with the untreated animals (P Ͻ 0.0001). Moreover, WBC counts in the antirabCD14 prophylactic treatment group remained stable during the next 24-hr period. In the anti-rabCD14 delayed treatment group, the pattern of leukopenia (900 Ϯ 100 cells͞mm 3 ) and leukocytosis (15,000 Ϯ 200 cells͞mm 3 ) was not significantly different when compared with the untreated animals in the first 24 hr. The delayed treatment with anti-rabCD14 did prevent a second precipitous fall in WBC counts after the final LPS injection. In control animals, the WBC counts and differentials remained normal throughout the length of the experiments. The observation that anti-rabCD14 treatment attenuated LPS-induced leukopenia does not discriminate between mechanisms involving direct effects of LPS on leukocyte adhesion or secondary effects of LPS-induced release of mediators that occur via CD14-dependent mechanisms. One of the hallmarks of the innate immune response to LPS is the rapid systemic release of cytokines. Here we show that LPS induces a pronounced elevation of plasma TNF levels within 1-2 hr after the initial LPS injection in the untreated groups (Fig. 3A) . No TNF was detected after the second LPS injection at 5 hr. However, we observed a second although attenuated release of TNF 1-2 hr after the final (t ϭ 24 hr) LPS injection. Measurement of IL-8 revealed a similar pattern with cytokine production detected after the initial and final LPS injections but not after the second injection at 5 hr (Fig. 3B) . The failure to observe release of TNF and IL-8 after the t ϭ 5-hr LPS injection presumably results from the development of LPS tolerance (26) . Prophylactic treatment with anti-rabCD14 mAb prevented elevations of TNF and IL-8 observed after the initial and final LPS injections. Delayed treatment with antirabCD14 (after the first release of cytokines had occurred) prevented the 25-26 hr second wave cytokine peak after the final LPS injection.
Septic shock is characterized by multi-organ failure resulting from fibrin deposition, inadequate organ perfusion as well as other mechanisms most likely involving activated leukocytes. The appearance of renal cortical necrosis with sequential LPS injections 24 hr apart has been well described previously in rabbits and is characterized by petechial hemorrhages and microthrombi similar to those noted in disseminated intravascular coagulation (27) . Renal cortical necrosis was observed in 84% (26͞31) of the untreated group (Fig. 4) . Histological examination revealed substantial fibrin deposition in the renal glomerular capillaries and tubular necrosis. We also recorded evidence of pulmonary damage marked by hemorrhage, con- FIG. 3 . Anti-rabCD14 inhibits release of TNF (A) and IL-8 (B) into serum of rabbits receiving three sequential i.v. injections of LPS (5 g͞kg) at t ϭ 0, 5, and 24 hr (filled symbols). As described in the Fig. 2 legend, animals that received LPS were either untreated (F), prophylactically treated with anti-rabCD14 (s, t ϭ Ϫ1, 4, and 23 hr), or received anti-rabCD14 delayed treatment (OE, t ϭ 4 and 23 hr). Control animals that did not receive LPS (E) were either untreated (no antibody) or received antibody prophylactic treatment or delayed treatment.
FIG. 4. Anti-rabCD14 protects from renal injury induced by three sequential i.v. injections of LPS (5 g͞kg at t ϭ 0, 5, and 24 hr). The upper panels show representative lesions from an untreated rabbit (that received LPS but no antibody: LPS͞0). The hemisectioned kidney shows advanced cortical necrosis, and the periodic acid͞Schiff reagent-stained histologic section shows marked glomerular fibrin deposition and tubular necrosis. The lower panels are representative of the anti-rabCD14-treated groups (LPS:␣CD14) showing a hemisectioned kidney and histologic section from a rabbit that received LPS injections and antibody delayed treatment at t ϭ 4 and 23 hr. Kidneys from rabbits that received anti-rabCD14 antibody (either prophylactic or delayed treatment) were essentially normal, with changes limited to mild edema and occasional inflammatory infiltrates (X400).
solidation, and fibrin deposition in 61% (19͞31) of the animals in the untreated groups (Fig. 5) . In preliminary studies, we determined that renal cortical necrosis occurred in animals injected with LPS at 0 and 24 hr and did not require the second LPS injection administered at 5 hr. In contrast, the pulmonary injury recorded here was only observed in animals receiving all three injections of LPS. These latter data are consistent with the concept that septic shock and multi-organ failure results from the cumulative effects of multiple exposures to endotoxin. Other tissues including liver and spleen also revealed the presence of micro-thrombi (data not shown). In marked contrast, no salient pathological changes are seen in the kidney (Fig. 4), lung (Fig. 5) , or other tissues such as spleen, liver, or adrenal glands (not shown) on gross or histological examination in any of the anti-rabCD14 treatment groups regardless of whether the antibody was administered as a prophylactic or delayed treatment.
In this endotoxemia model, the first LPS injection induces a large cytokine response but in the absence of further stimulation does not lead to organ injury or death. The second (5 hr) LPS injection, although inducing essentially no further cytokine release, apparently potentiates injury induced by the 24-hr injection. In a group of 5 rabbits, we observed no lethality and no renal or lung injury 48 hr after two sequential 10 g of LPS doses at 0 and 5 hr. The 24 hr LPS challenge induces a substantially diminished cytokine response but triggers organ injury and death. The protection afforded by anti-CD14 mAb in this model can be attributed to blocking of the priming effect of the first dose of LPS (antibody pretreatment) or to blocking of the triggering action of the 24-hr dose (delayed antibody treatment). Importantly, as noted below, when we compared anti-CD14 and anti-TNF, only the former antibody provided protection when administered as delayed antibody treatment.
We also compared the effects of anti-rabCD14 treatment protocols by using anti-rabbit TNF mAb. Either prophylactic or delayed treatment with anti-rabTNF did not provide the same degree of protection as seen with the anti-rabCD14-treated animals (Table 1) . Pretreatment with anti-rabTNF neutralized TNF and did confer survival benefit (11͞11) but only gave partial protection from renal cortical damage (7͞11) and pulmonary injury (3͞11). Delayed treatment with antirabTNF at ϩ4 hr failed to provide the survival benefit observed with (8͞12) and did not prevent renal cortical necrosis (7͞12) or pulmonary injury (4͞12). Moreover, 48-hr survivors with renal cortical necrosis would not be expected to survive long-term given the nearly complete destruction of the kidney caused by this lesion.
CONCLUSION
The severe physiologic injury and organ failure that often accompanies GN sepsis is generally acknowledged to be a result of repeated exposure to LPS. Recognition of LPS by the innate immune system results in the release of a multiplicity of mediators, and while some mediators appear to play a more prominent role than others on producing injury, disappointing results from numerous clinical trials have shown that therapeutic agents targeting single mediators do not protect from FIG. 5 . Anti-rabCD14 protects from lung injury induced by three sequential i.v. injections of LPS (5 g͞kg at t ϭ 0, 5, and 24 hr). The upper panels show representative lesions from an untreated rabbit (that received LPS but no antibody: LPS͞0). Petechial hemorrhages and edema were evident on gross examination, and periodic acid͞Schiff reagent-stained histologic sections show sero-fibrinous exudate and inflammatory infiltrates in the alveoli. The lower panels are representative of the anti-rabCD14 treated groups (LPS:␣CD14) showing lung from an animal that received LPS injections and anti-rabCD14 delayed treatment at t ϭ 4 and 23 hr. The lungs from anti-rabCD14-treated animals (prophylactic or delayed treatment) were grossly normal without edema or petechiae, and microscopic changes were limited to increased number of leukocytes observed in the alveolar capillaries (X400). (28) . Even when such therapies may provide benefit, it is usually confined to either prophylactic or very early stage treatments. There is now a plethora of data suggesting an essential role for CD14 in recognition of LPS by cells and more importantly in triggering cell activation processes. It is generally agreed that CD14 almost certainly acts in concert with additional, but as yet unidentified, cellular components to initiate a transmembrane signaling cascade. However, these additional components are not part of a redundant system because blockade of LPS binding to CD14 under physiological conditions is sufficient to prevent the many cellular responses triggered by LPS. Unfortunately, treatment of septic patients developing symptoms predictive of shock and multi-organ failure often does not occur until there are already some pathophysiologic manifestations apparent. It is possible that other agents that block the pleotropic effects of LPS such as bactericidalpermeability increasing factor might afford protection in the model noted herein. This remains to be evaluated experimentally. Most importantly the model used here suggests that there may be a therapeutic window available for treatment since we have demonstrated clear benefit with respect to organ injury and survival in animals receiving delayed treatment with anti-rabCD14. Whether this contention will be born out in the setting of septic shock in man will only be known after direct testing of anti-CD14 mAb therapy in the clinic.
